C alcium antagonist use in congestive heart failure (CHF) therapy remains controversial. Large clinical trials of calcium antagonists have yielded generally disappointing results 1,2 because their negative inotropy, sympathetic activation, and cytokine mechanisms worsen left ventricular dysfunction. 3, 4 Traditional calcium antagonists act on the L-type calcium channel. 5 However, both L-and T-type channels exist in cardiovascular tissues, albeit with different distributions. 5 L-type channels are found in both adult myocardium and vascular smooth muscle. 6 T-type channels occur in vascular smooth muscle and the sinoatrial node, mediating vascular tone 7 and nodal automaticity. 8 T-type channels occur in the adult myocardium only under pathophysiological conditions 9 and may affect cellular responses to hypertrophic stimuli. 9, 10 Pharmacological manipulation of T-type channels has recently been possible with mibefradil, the prototype of a new class of selective T-type calcium channel blockers. The vasodilatory action of mibefradil 11 without neurohormonal activation 12 or negative inotropy at clinically relevant dosages 13 is of potential clinical benefit. In a variety of experimental and clinical pathophysiological situations, T-channel blockade was demonstrated to be beneficial. 14 -16 In clinical trials, mibefradil was found to be an effective antihypertensive, antianginal, and anti-ischemic agent. [17] [18] [19] Therefore, the aim of the Mortality Assessment in Congestive Heart Failure Trial (MACH-1) was to assess the impact of the addition of mibefradil to standard therapy on both symptomatic status and mortality in CHF patients with NYHA class II to IV symptomatology.
Methods
MACH-1 was a multicenter, randomized, double-blind, placebocontrolled, parallel-group, forced-dose titration study conducted in the United States, Canada, Europe, and Israel. Patients gave written informed consent, and the study conformed to the amended Declaration of Helsinki and local regulations and review boards.
Eligible patients randomized between November 1994 and October 1996 had stable CHF, NYHA class II to IV, and left ventricular ejection fraction (LVEF) Ͻ35% and were taking clinically optimal doses of loop diuretics and ACE inhibitors with or without vasodilators and/or digitalis. Patients continued their usual medications except calcium antagonists. Exclusion criteria included a scheduled cardiac procedure or transplant; a myocardial infarction, CABG, or coronary angioplasty within 1 month; second-or third-degree AV block without a pacemaker; clinically significant arrhythmias; heart rate Ͻ55 bpm; blood pressure (BP) Ͼ160/100 mm Hg or systolic Ͻ90 mm Hg; a cerebrovascular accident within 3 months; or any clinically significant disease other than CHF. After a 2-week placebo run-in, patients were randomized to placebo or 50 mg/d mibefradil (single tablet). After 1 month, all patients were uptitrated to 2 tablets once daily (placebo or 100 mg mibefradil). Patients with intolerable adverse events were returned to the lower dose.
Follow-up visits were done after 1 week; 1, 2, and 3 months; and every 3 months thereafter or when an event occurred. ECG measurements and vital signs were obtained and adverse events were recorded at each visit. NYHA class assessment, routine laboratory analyses, and physical exams were performed throughout the study. Each critical event (death, hospitalization, or premature withdrawal owing to adverse events) was evaluated and classified by the independent Critical Events Committee.
The primary efficacy parameter was all-cause mortality over a 2-to 3-year period. Mortality was measured by time to death or clinical cutoff. Secondary parameters included cardiovascular mortality (time to death for cardiovascular reasons or clinical cutoff), combined cardiovascular morbidity/mortality, and change in NYHA class (worse than, equal to, or better than baseline). Additionally, signs and symptoms of CHF (orthopnea, paroxysmal nocturnal dyspnea, palpitation during physical activity, edema, fatigue, or dyspnea) were evaluated at baseline and at last available assessment, as were both patient and investigator opinions about CHF status (worse, equal, or better).
Substudies Performed at Selected Centers
Treadmill 20 (nϭ406) and bicycle (nϭ406) exercise tolerance tests (ETTs) were assessed at screening; on day 2; at baseline; and after 1, 3, and 6 months. The main parameter was change in total exercise duration. BP, heart rate, and gas exchange data (V O 2 , V CO 2 , and minute ventilation; nϭ420) were also measured.
Plasma neurohormonal (nϭ352) and cytokine (nϭ160) concentrations were measured over the first 6 months of treatment. Norepinephrine was measured by high-performance liquid chromatography, 21 atrial natriuretic peptide by a radioimmunoassay kit (Bühlmann Laboratories AG), and angiotensin II and endothelin-1 by radioimmunoassay with specific antibodies (Hoffmann-La Roche) after C-8 column extraction. ELISA kits were used to measure IL-1␤, IL-2R, IL-6, tissue necrosis factor-␣ (R&D Systems), and big endothelin-1 (Biomedica). LVEF (calculated by use of the modified Simpson rule from 2-dimensional echocardiography) was assessed in 117 patients at baseline and after 1 year. Quality of life was assessed in 327 patients with the Minnesota Living With Heart Failure Questionnaire (total, physical, and emotional scores).
Statistical Analysis
This event-driven study was stopped when 669 deaths occurred (clinical cutoff). This estimate was based on the expected mortality in placebo-treated patients with NYHA class II to IV, an expected treatment effect of 17% risk reduction, and a desired 80% power by use of a 2-sided log-rank test with ␣ϭ0.05. Five interim analyses following a sequential plan according to O'Brien and Fleming 22 were performed by the Independent Safety and Data Monitoring Advisory Committee biostatistician using the log-rank test to evaluate total mortality. Any significant finding required that the study be terminated and fully evaluated, but the study continued as planned.
Event-driven parameters were analyzed by the 2-sided log-rank test (␣ϭ0.0414 for total mortality and ␣ϭ0.05 for others) with the intent-to-treat population (all randomized patients) stratified by region. Survival curves and pointwise mortality rates were based on Kaplan-Meier estimates for each treatment group. Risk reductions were estimated by use of a Cox regression model, which included treatment and baseline LVEF, NYHA class, and origin (ischemic versus nonischemic disease) to adjust for baseline differences.
For substudies, the intent-to-treat populations consisted of all randomized patients who received Ն1 dose of trial medication and who had a valid baseline and Ն1 postbaseline measurement. Missing values were replaced by carrying the last observation forward, except for quality of life, for which missing values were imputed by use of the mean of available scores. Placebo-corrected treatment effects for ETT duration and gas exchange parameters were estimated with Hodges-Lehmann type estimators (nonparametric). Evaluations of changes in NYHA class and opinions of CHF status used a logistic regression model. Change in quality of life was analyzed by use of ANOVA, with treatment effect, origin, and their interaction included in the linear model; the change in LVEF was analyzed with ANCOVA, with treatment and region effects as factors and baseline LVEF as the covariate. Other parameters were analyzed descriptively and presented as meanϮSD.
Results

Patients
Baseline patient demographics were similar between mibefradil and placebo groups (Table 1) . During the study, the disposition of patients was also similar between groups, as was treatment duration (594Ϯ301 and 565Ϯ324 days for placebo and mibefradil, respectively). At 1 month, more placebo (86.4%) than mibefradil (77.8%) patients were successfully uptitrated.
Morbidity and Mortality
During the study, 350 deaths (27.0%) in the mibefradil and 319 deaths (24.6%) in the placebo groups occurred. All-cause mortality was similar for both groups (Figure 1 ; Pϭ0.151, log-rank test). Mibefradil treatment had a 14% increased risk of mortality (95% CI, 2.2% reduction to 33% increase), which was statistically insignificant (Pϭ0.093, Cox regression). The mortality rate difference between the groups occurred in the first 3 months after randomization and remained constant thereafter (Kaplan-Meier estimates).
Cardiovascular mortality and combined cardiovascular morbidity/mortality were similar in both groups (crude event rates: 22.2% for placebo and 24.0% for mibefradil for cardiovascular mortality, Pϭ0.246; 53.4% and 51.6% for cardiovascular morbidity/mortality, Pϭ0.783). As with allcause mortality, the greatest discrepancy between groups occurred within the first 3 months, with an increased risk of 3% to 5% with mibefradil. Reasons for deaths and hospitalizations (Table 2) were similar between groups, except for the slightly higher number of sudden deaths and arrhythmia hospitalizations with mibefradil and CHF hospitalizations with placebo. The number of patients hospitalized for any reason was similar between groups (56.2% for placebo and 53.1% for mibefradil).
Analysis of all-cause mortality risk in subpopulations revealed few differences between mibefradil and placebo ( Figure 2 ). There was a small but consistently greater risk of death with mibefradil compared with placebo, although only atrial fibrillation at baseline was statistically significant. There was no treatment difference regardless of whether CHF was of ischemic etiology.
Measures of CHF Status
Approximately 25% of patients had improved NYHA class (Table 2) , and about 9% deteriorated during the study, regardless of treatment (Pϭ0.756 for overall treatment effect). Investigator opinions of CHF status changes mirrored NYHA class changes and were similar between groups (Pϭ0.924 for treatment effect). Patient opinion of CHF status changes was also similar between groups, but the percentage who felt improved exceeded the investigator assessment (31.8% and 33.9% for placebo and mibefradil, respectively, versus 25.3% and 25.2%). Physician-measured incidences of CHF signs and symptoms were reduced from baseline but were similar between groups for all parameters (data not shown).
Substudies
After 6 months of treatment, increases in ETT total exercise duration were similar between groups whether measured via treadmill (treatment effect, 6.80 seconds; Pϭ0.600) or bicy- cle (treatment effect, Ϫ9.99 seconds; Pϭ0.267). Mibefradil slightly decreased diastolic BP, heart rate, and double product (systolic BP times heart rate) compared with placebo in both ETTs at rest and exercise termination (data not shown). Mibefradil caused statistically insignificant greater increases from baseline in V O 2 , V CO 2 , and minute ventilation than placebo (Table 3) . After 6 months of treatment, no increase in neurohormones occurred in either group. For 4 hormones, plasma concentrations changed Յ10% from baseline in both groups. Angiotensin II concentration increased similarly in both groups. Plasma concentrations of IL-1␤, IL-6, and tumor necrosis factor-␣ were slightly decreased and IL-2R was slightly increased after 6 months of treatment in both groups with no significant differences.
Echo LVEF decreased slightly and equivalently in both groups after 12 months of treatment. Quality-of-life measures were virtually unchanged during the course of the study in both groups (Pϭ0.447 for treatment difference in total score).
Safety and Tolerability
The number of patients with Ն1 treatment-related adverse event or serious adverse event and the number of patients withdrawn because of adverse events were slightly greater for mibefradil than placebo (Table 4) . Worsening of CHF was the most prevalent event in all 3 categories and occurred more often with placebo. There was little difference between groups, except for a higher incidence of bradycardia, hypotension, and dizziness with mibefradil. Heart rate decreased from baseline by 6.8Ϯ13.0 bpm with mibefradil compared with 0.8Ϯ13.1 bpm with placebo.
Virtually all patients exhibited Ն1 ECG abnormality at baseline. Both treatment groups were comparable, with Ϸ60% exhibiting ST-T changes, 50% showing evidence of myocardial infarction, and 25% to 28% exhibiting left axis deviation and left bundle-branch block, respectively, among others. During the study, ECG changes occurred in 66.2% and 69.9% of patients treated with placebo and mibefradil, respectively. Incidences of most abnormalities were similar between groups with the notable exceptions of higher incidences of first-degree AV block (25.9% versus 14.2%) and sinus bradycardia (24.4% versus 5.3%) with mibefradil.
Subpopulation analyses of patients on comedications showed that use of digoxin, class I or III antiarrhythmics, amiodarone, or drugs associated with torsade de pointes significantly increased risk of death with mibefradil compared with placebo ( Figure 3) . Conversely, mibefradil without these comedications did not increase risk. Because amiodarone was the most frequently taken drug in these categories (Table 5) , a post hoc analysis of total mortality stratified by amiodarone comedication showed mibefradil plus amiodarone to significantly increase mortality (crude rate, 38.5%; PϽ0.05) compared with mibefradil without amiodarone (24.6%) or placebo (23.6% without, 28.2% with amiodarone) (Figure 4 ).
Discussion
As adjunct therapy in patients with CHF, mibefradil did not alter disease outcome. Treatment with mibefradil did not significantly increase mortality, myocardial infarctions, heart failure-related hospitalizations, or CHF symptoms. However, the study did show a negative trend, with slightly higher Only events with an incidence greater than the given percentage are listed.
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mortality in patients on mibefradil within the first 3 months. Mortality rates were similar during the remainder of the study. Although the difficulty in identifying sudden death is acknowledged, the independent committee established to classify all events found its occurrence slightly more frequent with mibefradil. Subgroup analysis revealed increased risk in patients with atrial fibrillation and in those concomitantly treated with antiarrhythmics, drugs associated with torsade de pointes, and amiodarone. Indeed, concomitant mibefradil and amiodarone may be in large part responsible for the negative trend of the study. As with all post hoc analyses, results must be interpreted with caution. However, 1 mechanism for the negative effect of atrial fibrillation may be the confluence of negative chronotropic effects precipitating bradyarrhythmias, although other proarrhythmic actions cannot be excluded.
Other drug-drug interactions may have contributed to the tendency for higher mortality early in the study. Many antiarrhythmics undergo metabolic elimination via hepatic cytochrome P-450 enzymes that are potently inhibited by mibefradil. 23, 24 Because antiarrhythmics have a concentration-related arrhythmogenic potential, coadministration of these drugs with mibefradil may have led to toxic plasma concentrations. The resulting increased proarrhythmic risk may have been further enhanced by the bradycardic effect of mibefradil. Although speculative, the negative trend in this study may therefore be the result of a multiplicity of detrimental drug-drug interactions.
Hypotheses for the lack of long-term benefits of calcium antagonists in patients with symptomatic CHF include negative inotropy, reflex increases in neurohormones and cytokines, and underlying differences between ischemic and nonischemic disease. 3, 4 These mechanisms fail to explain the lack of efficacy for mibefradil in this study. The beneficial effects of mibefradil on survival in a rat postinfarction model 14 and on hemodynamics and LV hypertrophy without impairment of myocardial contractility in patients with LV dysfunction 15, 16 remain intriguing. This raises the question of whether mibefradil as monotherapy may have beneficial effects on LV remodeling and survival when not confounded by polypharmacy. The evolving knowledge of the role of T-type calcium channels in neuroendocrine, vascular, and myocardial physiology and pathophysiology may suggest a future role for T-channel blockade in postinfarction remodeling and CHF therapy in general.
In conclusion, this trial demonstrated the tolerance of mibefradil in patients with moderate to severe heart failure. The nonsignificant trend toward increased mortality was confined to the first 3 months of the study and was secondary to the occurrence of sudden death. The interaction of mibefradil with other negative chronotropic agents and the interference of mibefradil with the biotransformation of a variety of drugs may have played significant roles, particularly in a patient population with multiple comorbidities requiring concurrent medical therapies. 
